Developing drought-resistance varieties is a major goal for bioenergy crops, such as poplar (Populus), which will be grown on marginal lands with little or no water input. Root architecture can affect drought resistance, but few genes that affect root architecture in relation to water availability have been identified. Here, using activation tagging in the prime bioenergy crop poplar, we have identified a mutant that overcomes the block of lateral root (LR) formation under osmotic stress. Positioning of the tag, validation of the activation and recapitulation showed that the phenotype is caused by the poplar PtabZIP1-like (PtabZIP1L) gene with highest homology to bZIP1 from Arabidopsis. PtabZIP1L is predominantly expressed in roots, particularly in zones where lateral root primordia (LRP) initiate and LR differentiate and emerge. Transgenics overexpressing PtabZIP1L showed precocious LRP and LR development, while PtabZIP1L suppression significantly delayed both LRP and LR formation. Transgenic overexpression and suppression of PtabZIP1L also resulted in modulation of key metabolites like proline, asparagine, valine and several flavonoids. Consistently, expression of both of the poplar Proline Dehydrogenase orthologs and two of the Flavonol Synthases genes was also increased and decreased in overexpressed and suppressed transgenics, respectively. These findings suggest that PtabZIP1L mediates LR development and drought resistance through modulation of multiple metabolic pathways.
INTRODUCTION
Drought is one of the leading causes of loss of crop yields worldwide (Blum, 1996; Bogardi et al., 2012) . Irrigation practices can significantly alleviate drought stress, but are expensive, often inaccessible, and can also lead to soil erosion (Pagliai et al., 2004) , salinization (Arag€ u es et al., 2011) , and compete with other fresh water uses (Elliott et al., 2014) . Therefore, developing varieties with increased drought resistance and water-use efficiency are major avenues for sustainable increase in crop yields (Condon et al., 2004; Blum, 2009 ). This is especially true for biofuel crops like poplar (Ye et al., 2011) . Production of these crops will entail a significant increase in nutrient and water-use efficiencies, as these will be grown on marginal lands with no or little agronomic inputs (G Cassman and Liska, 2007; Gressel, 2008; Gelfand et al., 2013) .
Because plants uptake water through their roots, the root system architecture is a key determinant of water-use efficiency (de Dorlodot et al., 2007; Coudert et al., 2010) . Consequently, there has been substantial interest in root architecture in relation to drought resistance (Cao, 2000; Manschadi et al., 2006; Hund et al., 2009; Henry et al., 2011) . Not surprisingly, a number of root traits like lateral root density, root length and root branch angle have been found to be positively associated with drought resistance in several crop species like chickpea (Kashiwagi et al., 2005) , wheat (Manschadi et al., 2008) and maize (Hund et al., 2009) . Genetic dissection of these traits has led to the identification of a number of quantitative trait loci (QTLs) (Kebede et al., 2001; Nguyen et al., 2004; Hao et al., 2010) . However, adoption of these QTLs in breeding programs through marker-assisted selection (MAS) has been difficult due to the multi-genic architecture of some of these traits with small effects on drought resistance, high genetic variation due to genotype by environmental interactions and significant linkage disequilibrium, preventing the identification of tightly linked markers (Francia et al., 2005; Collins et al., 2008; Comas et al., 2013) . Therefore, successful conventional MAS breeding or biotechnological manipulations of root architecture for increased drought resistance will require cloning the exact and 'major effect' genes that underpin these traits.
To date only a few genes that increase drought resistance through modification of root architecture have been identified and characterized (Park et al., 2005; Yu et al., 2008; Moriwaki et al., 2011; Uga et al., 2011) . Activation of Arabidopsis HOMEODOMAIN GLABROUS 11 (HDG11) gene expression was found to enhance drought tolerance mediated via improved root architecture with deeper and more lateral roots, reduced leaf stomatal density and higher level of abscisic acid (ABA) and proline (Yu et al., 2008) . Overexpression of the MYB96 gene exhibited enhanced drought resistance with reduced lateral roots (Seo et al., 2009) . Suppression of lateral roots by MYB96 overexpression was shown to be mediated by modulation of the ABA signaling pathway that in turn affects an auxin signaling involving a subset of GH3 genes. The DEEPER ROOTING 1 (DRO1) gene was cloned by a QTL map-based approach in rice and encodes a protein of unknown function downstream of auxin signaling (Uga et al., 2011) . DRO1 increases rooting depth, allowing the plants to avoid drought stress through access to deeper soil horizons with higher water content (Uga et al., 2011) . In Arabidopsis, the vacuolar H + -pyrophosphatase (H + -PPase) AVP1 is involved in root development via modulation of auxin fluxes . Overexpression of AVP1 led to increased root biomass and better performance under water deprivation . Two MIZU-KUSSEI (MIZ) genes in rice affect the root orientation toward higher water concentrations and the phenomenon was defined as hydrotropism (Miyazawa et al., 2012) . Although MIZ1 is of unknown function, MIZ2 encodes an ortholog of GNOM from Arabidopsis and thus is clearly linked to auxin-driven gravitropic root bending (Moriwaki et al., 2011) . MIZ1 overexpression resulted in increased degree of hydrotropic root bending and drought resistance (Iwata et al., 2013) . The basic region/leucine zipper (bZIP) family of transcription factors are characterized by a basic region that binds DNA and a leucine zipper dimerization motif (Izawa et al., 1993) . The members of this family have been shown to regulate diverse biological processes such as flower development, seed maturation, senescence, light signaling, pathogen defense and stress signaling (Kim, 2006; Alves et al., 2013; Lockhart, 2013; Sun et al., 2013) . The Arabidopsis bZIP1 belongs to the S1 bZIP group (Jakoby et al., 2002) and is involved in light, nutrient, and stress signaling (Kang et al., 2010; Obertello et al., 2010; Sun et al., 2012) . Heterodimers of AtbZIP1 and AtbZIP53 bind to promoters of key metabolic genes, such as ASPARAGINE SYNTHETASE1 (ASN1) and PROLINE DEHYDROGENASE (ProDH) (Dietrich et al., 2011) , and regulate the amount of the two amino acids. In addition, recent evidence implicates bZIP1 in regulation of a mannane synthase CSLA9 gene by cooperative interaction with ANAC041 (Kim et al., 2014) . Thus, the existing knowledge about the function of bZIP1 suggests that it is primarily involved in the regulation of different metabolic processes. However, to the best of our knowledge, bZIP1 has not been previously shown to be involved in lateral root development. New data suggest that bZIP1 may have a broader regulatory context through a phenomenon described as 'hit-and-run', which involves transient binding promoters of large number of genes and thus provides 'priming' for their expression (Para et al., 2014) .
We have previously shown that activation tagging is a powerful forward genetics approach for gene discovery in Populus (Busov et al., 2003 (Busov et al., , 2005 Yordanov et al., 2010 Yordanov et al., , 2014 Trupiano et al., 2013) . Here, we report the identification and characterization of a poplar activation tagging mutant with increased lateral root (LR) development under high osmotic conditions that typically are prohibitive for LR development. Subsequent molecular identification and characterization showed that the tagged gene encodes a poplar homolog similar to bZIP1 (PtabZIP1-like). We further show that PtabZIP1-like (PtabZIP1L) is involved in root development in poplar and characterize the mechanisms of its action.
RESULTS
Poplar activation-tagged line shows increased root growth under control and high osmotic conditions
We have found that high osmotic conditions severely suppress lateral root (LR) growth in poplar ( Figure S1 ). To identify genes that may overcome this suppression, we screened a poplar activation tagging population under hydroponic conditions with 5% PEG in the media (see Experimental procedures for details). We discovered a poplar activation-tagged line (201p21) that displayed enhanced main and lateral root growth under both control and PEG conditions (Figure 1 ).
Molecular characterization of the activation-tagged mutant
To identify the gene responsible for phenotypic changes in the mutant line, genomic sequence flanking the left border of the T-DNA insert was recovered and sequenced (GenBank KP176641). Homology searches in the poplar genome positioned the sequence at Chr10:15429200-15429699, in an intron of a predicted gene model Potri.010G142900,~1.5 kbp from the start codon (Figure S2a) . The intron separates the putative 3 0 UTR (Figure S2a) . The expression of this gene was~10-fold higher in the mutant (P < 0.05) in comparison with . The expression of other neighboring genes flanking the insertion site was also analyzed, but none of them displayed activation ( Figure S2b ). Therefore, we concluded that the gene Potri.010G142900 was likely to be responsible for the observed phenotype. The gene encodes a putative transcription factor of the basic leucine zipper (bZIP) family (Jakoby et al., 2002) with highest similarity (63.4% similarity at amino acid level) to Arabidopsis bZIP1 (Data S1 and Figure S3 ). For consistency, we named the gene PtabZIP1L (Populus tremula 9 P. alba bZIP1-Like).
PtabZIP1L transgenic manipulations dramatically affect root growth
To better understand the function of PtabZIP1L in relation to root growth we transgenically overexpressed and suppressed its expression ( Figure S4 ). The transgenic lines with PtabZIP1L overexpression (oe-PtabZIP1L) fully recapitulated the phenotype of the activation-tagged mutant, displaying enhanced root growth under both control and PEG media ( Figure 2 ). In fact, the effect on root growth was more pronounced in oe-PtabZIP1L plants compared with the activation-tagged mutant ( Figure S5 ). In contrast and opposite to the upregulation, transgenic plants with Ptab-ZIP1L suppression (i-PtabZIP1L) showed a significant decrease in main root growth in both control and PEG media ( Figure 2. Transgenic manipulation of PtabZIP1L expression has strong effect on root growth. Root growth of PtabZIP1L overexpressed and RNAi suppressed transgenics compared with WT-717 in control and PEG media. The picture shows only root (control) and whole plant (PEG) images for the three genotypes. The graph represents various root parameters in transgenic and WT-717 plants in control (dark bars) and PEG (light bars) media. Lateral root length and number (density) was measured separately for individual main roots in a given replicate or plant. The data represents the average of lateral root length and density for all the main roots in an individual replicate/plant. oe = overexpression using CamV35S promoter. i = RNAi transgenics with suppressed expression of the target gene. Three independent lines were used for each transgenic modification. Values show genotypes' mean AE standard error of the mean (SEM; n = 10-12) and ND represents non-determined values.
a-d Different letters represent means that are statistically different (P < 0.05) as determined by one-way ANOVA followed by Tukey's multiple range tests. [Colour figure can be viewed at wileyonlinelibrary.com] lateral roots were observed in either WT-717 or i-PtabZIP1L plants under the osmotic stress treatment (Figure 2 ).
Root and shoot growth of PtabZIP1L transgenics is affected under drought conditions
We next studied how PtabZIP1L expression changes in the transgenic plants affect response to water deprivation under greenhouse conditions (see Experimental procedures). After 20 days of drought treatment, WT-717 and iPtabZIP1L plants appeared more stressed compared with oe-PtabZIP1L transgenics, as evidenced by pronounced wilting (Figure 3a ). Shoot growth cessation in response to water withholding was delayed by 10 days in oe-PtabZIP1L plants, whereas shoot growth cessation occurred 10 days earlier in i-PtabZIP1L plants compared to WT-717 ( Figure 3b ). Consistent with the in vitro hydroponic results, oe-PtabZIP1L plants displayed a~70% increase, whereas i-PtabZIP1L plants had~50% reduction, in root biomass under drought conditions (Figure 3a , c). These results show that water-use efficiency was increased/decreased in oe-PtabZIP1L and i-PtabZIP1L plants, respectively, as a result of alteration in root growth, thereby varying the total surface area available for water absorption. Shoot biomass was also increased in oe-PtabZIP1L plants and reduced in i-PtabZIP1L transgenics ( Figure 3c ).
PtabZIP1L is expressed predominantly in roots and positively regulates LR initiation and formation
Consistent with its major impact on root development, PtabZIP1L transcript abundance was highest in the roots ( Figure 4a ) and increased in response to auxin (a major regulator of root development) ( Figure S6a ). Interestingly, PtabZIP1L expression in whole roots was not significantly affected by the osmotic treatment ( Figure S6b ). We hypothesized that this may be due to tissue/lateral root (LR) developmental specificity of the response. We, therefore, further analyzed expression of PtabZIP1L in different root zones (RZ1, RZ2 and RZ3) that approximate level of LR density in WT-717 under control conditions (see Experimental procedures and Figure S6c ). Under both control and high osmotic conditions, expression of PtabZIP1L progressively increased from RZ1 to RZ3 (Figure 4b ). Ptab-ZIP1L tended to be expressed at a higher level under high osmotic conditions in all zones except RZ1. However, the only statistically significant increase was measured in RZ2 ( Figure 4b ). The root-predominant and zone-specific expression of PtabZIP1L suggested that it may play a role in LRP initiation. We, therefore, analyzed in more detail LR primordia (LRP) and emerging LR (ELR) in the PtabZIP1L transgenics. Root clearing image showed a clear difference between oe-Ptab-ZIP1L, WT-717 and i-PtabZIP1L with respect to root thickness and occurrence of LRP and ELR ( Figure 4c ). In WT-717, the LRP first appeared in RZ2 and lateral roots began to emerge in RZ3 (Figure 4d ). Transgenic manipulation of PtabZIP1L significantly affected both the timing as well as the abundance of LRP initiation ( Figure 4d ). LRP were initiated significantly earlier (RZ1) in the oe-PtabZIP1L and much later (RZ3) in i-PtabZIP1L plants. PtabZIP1L overexpression even caused a precocious emergence of LRs as early as in RZ1, very near to the root tip, where neither LRP nor LR was ever observed in WT-717. Correspondingly, the number of LRP and LRs was increased in oe-PtabZIP1L and reduced in i-PtabZIP1L plants when compared with WT-717 in all of the studied zones (Figure 4d) . In summary, these results show that PtabZIP1L is a positively involved in both LRP initiation and LR emergence.
Modification in PtabZIP1L expression leads to major metabolic changes
As prior studies suggest that bZIP1 is involved in the regulation of different metabolic processes (Dietrich et al. 2011 , Kim et al., 2014 , we performed a metabolic profiling analysis of the root tissues from WT-717, the mutant, Ptab-ZIP1L overexpressed and suppressed lines. Levels of several key metabolites were altered in the transgenic/mutant plants (Data S2). We performed hierarchical clustering and observed that the mutant and overexpressed lines showed very similar changes and were grouped together ( Figure S7 ). We therefore focused our further analyzes on the overexpression and RNAi lines as for both we employed the same CamV35S promoter. Principal component analyses, based on the metabolites levels analyzed in the transgenics and the wildtype roots clearly differentiated the three groups suggesting that the observed changes are indeed driven by the modification of Ptab-ZIP1L expression (Figure 5a ). We then correlated the level of metabolites to the expression of PtabZIP1L in wildtype, overexpressed and RNAi lines using Pavlidis Template Matching (PTM, Pavlidis and Nobel 2001) . Nine metabolites showed highly significant correlation (R ≥ 0.9; P ≥ 0.05) with PtabZIP1L expression in the transgenic plants (Figure 5b ). Almost half (4/9) of these metabolites (catechin, leucocyanidin, succinic acid and salicin) were associated with the phenylpropanoid pathway. Of the nine, only asparagine was positively correlated with PtabZIP1L expression (Table S1) mean AE SEM (n = 4). Two independent lines from each transgenic modification were used. Different letters represent means that are statistically different (P < 0.05). Difference in mean was calculated using one-way ANOVA followed by Tukey's multiple range tests. [Colour figure can be viewed at wileyonlinelibrary.com] correlation. Consistently with previous studies in Arabidopsis, one of these nine metabolites was proline (Dietrich et al., 2011) . We, therefore, next studied if the expression of the same gene, i.e., Proline Dehydrogenase (ProDH), that drives the proline metabolic changes in Arabidopsis was also altered in poplar.
Expression of Proline Dehydrogenase genes are affected in the PtabZIP1L transgenics
Proline accumulation is a common metabolic response of plants to drought and other stresses (Hayat et al., 2012) . In Arabidopsis, bZIP1 regulates proline metabolism by directly binding to the promoter and transcriptionally activating Proline Dehydrogenase (ProDH) genes encoding a key enzyme involved in proline metabolism (Dietrich et al., 2011) . Since the metabolomics analyses revealed a significant correlation between proline level and PtabZIP1L expression (Table S1 ), we analyzed ProDH expression level in WT-717 and the PtabZIP1L transgenic plants. The expression of both poplar ProDH paralogs (PtaProDH1 and PtaProDH2) was significantly higher in oe-PtabZIP1L and lower in i-PtabZIP1L plants compared to WT-717 (Figure S7) . Consistently, the 1 kb putative promoter regions of both PtaProDH1 and PtaProDH2 harbors multiple putative bZIP1 binding sites (Dietrich et al., 2011) (Data S3).
Modification of PtabZIP1L affects flavonoid biosynthesis
To gain further insight into the most relevant pathways and networks influenced by PtabZIP1L in the context of the increased LR proliferation, pathway analysis was performed using MetaboAnalyst (Xia et al., 2015) . Among several impacted pathways, flavonoid biosynthesis was found to be to be the most affected (Figure 6a and Data S4). Therefore, we first analyzed~1 kb upstream promoter region of the key enzymes of this pathway for the presence of the putative bZIP1 binding sites. Indeed, several genes encoding key enzymes in the flavonoid biosynthetic pathway did harbor single or multiple putative bZIP1 binding domains in their promoter regions (Data S3). We analyzed the expression of all of these genes ( Figure S8 ). Only the expression of two Flavonol Synthase genes, PtaFLS2 and PtaFLS4, was significantly increased and decreased in oe-PtabZIP1L and i-PtabZIP1L plants, respectively (Figure 6b ). Flavonol Synthases have been shown to be involved in the synthesis of flavonols from dihydroflavonols (Burbulis and Winkel-Shirley, 1999) . However, no significant correlation was observed in the level of key flavonols in the transgenics (Data S2 and Figure 5b ), likely due to the low level of these compounds leading to high variability in the metabolomics data. We therefore used an alternate spectrophotometric assay based on aluminum complex formation (see Experimental procedures) to determine the effect of PtabZIP1L expression on total flavonoid levels. The total flavonoid concentration was~50% higher in oe-PtabZIP1L and~50% lower in i-PtabZIP1L plants (Figure 6c) . Accumulations of flavonols have been shown to be elevated in response to auxin (Lewis et al. 2011 , Grunewald et al. 2012 . Additionally, flavonols like kaempferol and quercetin have been implicated in locally increasing auxin concentrations through affecting polar auxin transport and/or metabolism (Peer and Murphy, 2007; . Therefore, we analyzed the expression of several auxin regulated genes. Indeed, the transcript abundance of PtaPIN1, PtaPIN9 and PtaIAA8 were significantly increased in oe-PtabZIP1L plants and reduced (except PtaIAA8) in iPtabZIP1L plants (Figure 6d) . We further analyzed thẽ 1 kb putative promoter regions of these genes, but no putative bZIP1 binding domain was observed suggesting that the observed responses are indirect result of increased auxin transport and/or synthesis.
DISCUSSION
By screening a poplar activation tagging population, we have discovered a mutant with increased LR development under high osmotic conditions. Although, the mutant also displayed significant increase in LR development under control conditions, the differences were much more pronounced under high osmotic environment, where WT-717 plants displayed a complete block of LR formation. Molecular characterization of the mutant involving positioning of the tag, validation of the activation and recapitulation of the phenotype via transformation of the tagged gene under strong CamV35S promoter showed that the phenotype is caused by the activation of the poplar PtabZIP1L gene with the highest homology to bZIP1 from Arabidopsis. Several lines of evidence show that PtabZIP1L has a role in root development. First, the gene is predominantly expressed in roots. Furthermore, the gene's expression progressively increases from the root tip to the root zones where lateral root primordia (LRP) initiate and LR differentiate and emerge. Finally, transgenic downregulation of PtabZIP1L has a strong negative effect on LR formation. The overexpressors showed precocious LRP and even LR development in the developmental zone associated with root meristem. In contrast, PtabZIP1L suppression led to significantly delayed LRP and LR development. Thus, the sum of the experimental evidence suggests that PtabZIP1L has a key role in root development. To the best of our knowledge, neither bZIP1 nor any of its orthologs in other species have been shown to date to be involved in lateral root formation. For example, the Arabidopsis ortholog bZIP1 has been implicated in drought response through regulation of the metabolic gene PROLINE DEHYDROGENASE (ProDH) involved in proline metabolism with no effect on root development (Kang et al., 2010; Dietrich et al., 2011; Sun et al., 2012) . In addition, bZIP1 has been also found to regulate ASPARAGINE SYNTHETASE1 (ASN1) in relation to availability of nitrogen and, again, with no impact on root proliferation (Dietrich et al., 2011) . Recently, bZIP1 was found to be involved in regulation of a mannan synthase CSLA9 gene (Kim et al., 2014) . Thus, it appears that bZIP1 exclusively regulates metabolic genes from very different metabolic pathways. Similarly, we observed that changes in PtabZIP1L expression affect concentrations of (a) Metabolome view of the pathway analysis of the metabolites performed using MetaboAnalyst. Metabolic pathways containing metabolites with significant correlation to PtabZIP1L expression (see Figure 5b) several metabolites including proline, asparagine, branched-chain amino acids like valine and flavonoids. Growth is significantly impaired under drought due to the severe osmotic stress (Skirycz and Inz e, 2010) . Therefore, the increased LR proliferation which involves de novo growth is in significant odds with the overall growth retardation environment. The increased root growth has to be coupled with a mechanism that alleviates the physiological growth retardation consequences of the osmotic stress. This is probably best exemplified by the discovery of the vacuolar H-Pyrophosphatase (H-PPase) AVP1 gene and its function in root development under high osmotic conditions . AVP1 is a vacuolar proton pump that decreases vacuolar osmotic potential through increase of ion transport into the vacuole, decrease of the osmotic potential, which in turn drives increased water uptake and results in enhanced drought tolerance. In addition, AVP1 was also shown to be expressed at the plasma membrane (PM) where through changes in the PM proton gradient facilitates auxin transport . The increased auxin transport results in increased root biomass and further enhances drought resistance (Uga et al. 2011) . Similar to AVP1, PtabZIP1L has regulatory functions which can affect both drought tolerance and avoidance. Specifically, we show that as the Arabidopsis ortholog, PtabZIP1L also modulates expression of poplar Proline Dehydrogenase genes (PtaPRoDH1 and PtaPRoDH2) expression and proline metabolism and thus generates a significant relief from the osmotic stress. Both the ProDH genes also harbor bZIP1 binding domains in their putative promoter region.
Flavonoids are secondary metabolites produced through a branch of the phenylpropanoid pathway (Petrussa et al., 2013) . Flavonoid biosynthesis is typically activated under stress conditions in many plant species (Dixon and Paiva, 1995; Petrussa et al., 2013) including poplar (Barchet et al., 2014) . The increased production has been typically linked to protection from toxic reactive oxygen species (ROS) (Pourcel et al., 2007; Mierziak et al., 2014) and have been shown to mitigate oxidative and drought stress (Nakabayashi et al., 2014). Here we found that the levels of key metabolites in the flavonoid biosynthetic pathway showed significant correlation with the up and downregulation of PtabZIP1L in the transgenic plants. This corresponded well with the significantly higher and lower levels of two Flavonol Synthases (PtaFLS2 and PtaFLS4) in the PtabZIP1L overexpressed and suppressed transgenics. The FLS genes with perturbed expression in the transgenics, also had multiple putative bZIP1 binding sites in their promoter regions. FLS genes encode a key enzyme in the flavonol biosynthesis pathway. FLS activity involves conversion of dihydroflavonol to flavonols (Owens et al., 2008) . However, no significant difference was observed for the level of key flavonols like kaempferol and quercetin in the transgenic plants. This could be due to the low levels of these metabolites leading to high variability within the measured concentrations. Furthermore, in Arabidopsis, aglycone flavonols (kaempferol and quercetin) have been shown to accumulate in a developmental and tissue-specific manner . Consistently, PtabZIPL1 did show a very specific expression pattern during root development and particularly during response to osmotic treatment. Therefore the bulk sampling for the metabolic analyses may have obscured any tissue-specific differences and can explain the observed significant variability. Nevertheless, using a spectrophotometric assay that has been shown to be selective for specific flavonoids like flavonols and flavones at 405 420 nm (Pe z kal and Pyrzynska, 2014), we did find significant differences consistent with the transgenic manipulations. However, this assay did not distinguish the specific metabolites that were changed in the transgenic plants and may be subject to interference from other unrelated compounds with similar chemistry. Therefore, further investigation involving tissue-specific sampling and/or localization experiments will clarify the involvement of PtabZIP1L in regulation of flavonoid biosynthesis.
Flavonoids and especially flavonols accumulations have been shown to affect root architecture Buer et al. 2013 , Maloney et al., 2014 . Flavonoids effect on root development has been primarily linked to their role in modulation of auxin transport (Murphy et al., 2000; Brown et al., 2001; Maloney et al. 2014) . For example, flavonols have been known to be strong inhibitors of auxin polar transport (Murphy et al., 2000; Brown et al., 2001; Peer and Murphy, 2007; Yin et al., 2014) . Therefore, flavonoids can significantly modify root architecture via modulation of localized auxin concentrations and distribution. In addition to regulating auxin transport, flavonoids can also affect auxin metabolism. ROS-mediated oxidation of auxin can decrease the level of active auxin (Peer et al., 2013) . Flavonoids act as ROS scavenger thereby decreasing auxin oxidation (Agati and Tattini, 2010; Peer et al., 2013) . We did find that the expression of three auxin-inducible genes, including two auxin transporters (PtaPIN1 and PtaPIN9) do correspond with the levels of PtabZIP1L expression in the transgenic plants. Because of the significant changes in the expression of the three genes, it is possible that they may be directly regulated by PtabZIP1L. However, no bZIP1 binding domain was observed in their~1 kb putative promoter region thereby, suggesting that they are not direct targets of PtabZIP1L and their upregulation in the Ptab-ZIP1L transgenics is likely to be the indirect result of other changes in the transgenic plants. This change could be for example, due to localized increases of flavonols and resulting changes in auxin transport or due to flavonoid mediated decrease in auxin oxidation. However, due to the lack of information about changes in auxin transport and/or auxin oxidation in the transgenic plants, it is hard to distinguish between these two possibilities. Nevertheless, the increased/decreased auxin responsiveness in the oe-Ptab-ZIP1L/i-PtabZIP1L transgenic roots as indicated by the changes in the expression of the three auxin-inducible genes, well corresponds with increased/decreased LR formation and thus indicates that this may play a role in the observed root phenotypes.
In conclusion, we show that PtabZIP1L, which is homologous to the Arabidopsis bZIP1, is a positive modulator of lateral root growth and drought resistance in Populus. We also demonstrate that PtabZIP1L transgenic modifications affect the levels of several metabolites and expression of key genes involved in their metabolism, suggesting complex metabolic changes involved in the root and drought-resistance phenotypes. The discovery of this gene and further investigations in the molecular framework of its action(s) will provide diverse avenues for enhancement of drought resistance in crop plants.
EXPERIMENTAL PROCEDURES Plant material and treatments
All experiments were performed in the Populus tremula 9 Populus alba INRA 717-IB4 genotype (referred to as wildtype or WT-717). The plants were maintained in vitro on ½MS media with 20 g L À1 sucrose (Caisson Labs, Smithfield, UT, USA), 0.1 mg L À1 IBA (Sigma-Aldrich, St. Louis, MO, USA), vitamins solidified with 2.5 g L À1 Gelrite (Sigma-Aldrich) and 4 g L À1 Phytablend agar (Caisson Labs).
For activation-tagged mutants screening, single node of in vitro growing poplar plants were grown on solid medium with high IBA concentration (2 mg L À1 ) for 7 days at 22°C in the dark. After high IBA treatment explants were directly transferred in glass tubes on a liquid control medium and 5% polyethylene glycol (PEG) 6000 (Sigma) medium on bridges (Wei et al., 2013; Dash et al., 2015) for 40 days at 22°C and 16 h/8 h light/dark photoperiod, at a photon flux density of 45 lEm , FV Vitamins 10 ml L À1 (Han et al., 2000) , Sucrose 20 g L
À1
, pH adjusted to 5.8; were dispensed in 15 ml glass tubes with filter paper bridges and autoclaved. Each line was tested in four replicates on both control and PEG-containing media. In each experiment WT-717 was included and about 120 independent activation tagging lines were tested. Lines were firstly individually screened visually and the roots of lines with visible changes in root development were scanned for further quantitative analyses. Results from these screens can be found at treesbio.com.
The response of the PtabZIP1L transgenic lines to PEG treatment was performed following the screening procedure described above. Roots were scanned and analyzed using ImageJ software (Schneider et al., 2012) . The number and total length of both main and lateral roots was quantified. The number and length of lateral roots were measured for each individual main root in a given plant. The data presented represent the average of total number/ length of the lateral roots for all the primary roots in a given plant. After scanning the roots were stored at À80°C until further processed.
A greenhouse study was also undertaken to study the response of transgenic plants to drought treatment. Drought or water-stress was induced by maintaining soil water content at 30-40% of field capacity (FC) for 40 days. To keep soil water content at 30-40% FC, pots were weighed daily and watered as required. For control, FC was maintained at ≥70%. All the plants were fertilized by adding 10 g of Osmocote Smart-Release Plant Foods to the pots 10 days before the start of the treatment. At the start of the treatment the plants were 26-35 cm tall. After the beginning of the treatment, plants' heights were measured periodically and biomass measurements were performed after 40 days of treatment. Roots were washed carefully and~2 g of root sample was immediately frozen in liquid nitrogen and stored at À80°C for further analyses. Dry weights of stem, leaves and root fractions were determined after incubation in an oven at 120°C for 24 h.
Generation of activation tagging population and genomic positioning of the tag
Generation of activation tagging event was performed using previously described protocol (Meilan and Ma, 2007; Busov et al., 2011) . Recovery of fragments flanking the insertion site and positioning of activation tag in the Populus genome (Phytozome.net) was performed as previously described (Yordanov et al., 2010; Busov et al., 2011; Trupiano et al., 2013) .
Metabolic characterization of the roots
Metabolic profiling was performed in the roots of the in vitro grown wildtype, activation-tagged mutant (201p21), oe-Ptab-ZIP1L and i-PtabZIP1L plants. All the plants were grown on ½MS media (described above) and at least three biological replicates were used for each line. Fast-frozen tissues were ground with liquid nitrogen in a chilled mortar and pestle with 50 mg FW root subsequently twice extracted with 2.5 ml 80% ethanol overnight and then combined prior to drying a 1.5 ml aliquot in a nitrogen stream. Sorbitol was added (to achievẽ 22 ng ll À1 injected) before extraction as an internal standard to correct for differences in extraction efficiency, subsequent differences in derivatization efficiency and changes in sample volume during heating. Dried extracts were dissolved in 500 ll of sialylation-grade acetonitrile followed by the addition of 500 ll N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) with 1% trimethylchlorosilane (TMCS) (Thermo Scientific, Bellefonte, PA, USA), and samples then heated for 1 h at 70°C to generate trimethylsilyl (TMS) derivatives (Tschaplinski et al., 2012) . After 2 days, 1-ll aliquots were injected into an Agilent Technologies Inc. (Santa Clara, CA, USA) 5975C inert XL gas chromatographmass spectrometer, fitted with an Rtx-5MS with Integra-guard (5% diphenyl/95% dimethyl polysiloxane) 30 m 9 250 lm 9 0.25 lm film thickness capillary column. The standard quadrupole GC-MS was operated in the electron impact (70 eV) ionization mode, targeting 2.5 full-spectrum (50-650 Da) scans per second, as described previously (Tschaplinski et al., 2012) . Metabolite peaks were extracted using a key selected ion, characteristic m/z fragment, rather than the total ion chromatogram, to minimize integrating co-eluting metabolites. The extracted peaks of known metabolites were scaled back up to the total ion current using predetermined scaling factors. Peaks were quantified by area integration and the concentrations were normalized to the quantity of the internal standard (sorbitol) recovered, amount of sample extracted, derivatized, and injected. A large user-created database (>2300 spectra) of mass spectral electron impact ionization (EI) fragmentation patterns of TMSderivatized compounds, as well as the Wiley Registry 8th Edition combined with NIST 05 mass spectral database, were used to identify the metabolites of interest to be quantified. Unidentified metabolites were denoted by their retention time as well as key mass-to-charge (m/z) ratios.
Quantitative analysis of metabolite variation
Various analyses were performed to understand the variation in the metabolites across the genotypes. Normalization was performed using log transformation on the fold changes of metabolites level. Principal component analysis (PCA) was performed in Excel using XLSTAT software (https://www.xlstat.com). Here, 100% variation in the data was explained using the first two principal components alone and therefore, the two principal components were used for plotting the wildtype and the transgenics. Metabolites correlated to expression of PtabZIP1L in wildtype, overexpressed and RNAi lines, were identified using Pavlidis Template Matching (PTM, Pavlidis and Nobel 2001) . Metabolites fold changes were filtered for those that matched fold changes in PtabZIP1L expression based on the Pearson correlation (R ≥ 0.9) and P-value (P ≤ 0.05). Detailed analysis of the most relevant metabolic pathways and networks in Ptab-ZIP1L transgenics was performed by MetaboAnalyst that combines results from powerful pathway enrichment analysis involved in the conditions under study (Xia et al., 2015) . The program first matches the metabolites list to their Kyoto Encyclopedia of Genes and Genomes (KEGG) or Human Metabolome Database (HMDB) id. 53 of the 82 metabolites were able to match to respective ids and were used for pathway enrichment analysis (Data S5).
Binary vector generation and plant transformation
The PtabZIP1L open reading frame was amplified using gene-specific primers with attached attB Gateway sequence tail (Forward primer; GGGGACAAGTTTGTACAAAAAAGCAGGCTATGCCACCAT CCTTTGCAAAG; Reverse primer; GGGGACCACTTTGTACAAGAAA GCTGGGTCTAAACTTTGAACATCCCAG). The generation of overexpression and RNAi constructs was performed as previously described (Yordanov et al., 2010) using BP and LR Gateway cloning (Invitrogen, Life Technologies). Amplified fragments were first cloned into pDONR221 vector and then into binary vectors pK7WG2. (overexpression) or pK7GWIWG2(II) (RNAi downregulation) (Karimi et al., 2002) . After sequence verification the binary plasmids were transformed into Agrobacterium tumefaciens strain AGL1 (Lazo et al., 1991) using the freeze/thaw method (Holsters et al., 1978) . Agrobacterium-mediated transformation was performed as previously described (Han et al., 2000) . Transgene presence was verified using the following PCR primers: NPT_F, 5 0 -ATCAGGATGATCTGGACGAAGAG-3 0 , and NPT_R, 5 0 -GATACCG-TAAAGCACGAGGAAG-3 0 .
Flavonoid analysis
Flavonoid content was determined using root samples collected from plant growing in the control and PEG liquid media described above. The flavonoids content was determined using a previously described aluminum chloride method (Abdel-Hameed, 2009 ). Briefly, 0.1 g of root extracts were dissolved in 1 ml of methanol (80%) and incubated for 2 h at 50°C. 0.5 mL of this reaction mixture was added to 4.5 ml of a 2% AlCl 3 reagent and incubated at room temperature for 30 min. For standards stock solution was prepared by dissolving 10 mg of rutin in 100 ml of 80% MeOH (100 lg ml
À1
) and then further diluted to 2, 4, 6, 10, 20, 40, 80 and 100 lg ml À1 . 0.5 ml of the prepared standards was used to prepare reaction mixture described above. The absorbance was read at 415 nm and flavonoid content was expressed in mg g À1 as rutin equivalent.
RNA extraction and quantitative RT-PCR
RNA was extracted using a modified RNeasy Mini Kit (Qiagen, Hilden, Germany) as described previously (Busov et al., 2003) .
cDNA synthesis was performed using OligodT and RevertAid M-MuLV reverse transcriptase (Fisher Scientific, Hampton, NH, USA) on 1 lg of DNase I (Qiagen)-treated total RNA. Synthesis of cDNA was performed in a total volume of 20 ll which was subsequently diluted by six-fold for gene expression analyses. Transcript abundance was analyzed using quantitative RT-PCR performed using a StepOnePlus Real-Time System (Applied Biosystems, Foster City, CA, USA) and the Maxima SYBR Green qPCR master mix (Fisher Scientific). The reaction conditions involved the following cycles: 95°C for 10 min and 40 cycles of 95°C for 15 sec, 60°C for 1 min. Melt curve analyses performed at the end of the PCR cycles indicated a distinct single peak for all the amplicons analyzed. Gene-specific primers used in this study are indicated in Table S2 . cDNA dilution series (29, 19, 0.19 and 0.019) was used to determine primer efficiency and the efficiencies ranged from 1.90 to 1.95. All gene expression was normalized using Ubiquitin. Transcript abundance was calculated from the C t values using a modified Pfaffl method (E
Ct

ref /E
Ct target , where E is the amplification efficiency and C t is the threshold cycle number) (Pfaffl, 2001 ).
Root zone sampling
Root tissues of poplar plants growing in vitro on ½MS medium (described above) were sectioned into the following three zones: (i) RZ1 was cut~0.5 cm from the tip, (ii) RZ2 was sectioned 1-2 cm from RZ1 and (iii) RZ3 was sectioned 5 cm from RZ2. The sectioned roots were immediately frozen using liquid nitrogen. RNA extraction on RZ3 samples was performed as described above. For RZ1 and RZ2 samples, RNA was extracted using RNeasy Micro Kit (Qiagen) following the instruction manual. RNA was eluted in 10 ll volume and quantified using NanoDrop 8000 (Thermo Scientific, Waltham, MA, USA). cDNA synthesis and gene expression analyses was performed as described above.
Statistical analysis
All the statistical analyses were performed using SAS 9.0 (SAS Institute Inc.) and Microsoft Excel 2010. Both one-way and twoway analysis of variance was used to determine significance. Student's t-test or Tukey's multiple comparison tests was used to compare the difference between the measurements. Figure S2 . Identification of the tagged gene in the mutant line. Figure S3 . Phylogenetic relationship between Arabidopsis and poplar S-group bZIPs. Figure S4 . Validation of the transgenic up-and downregulation of PtabZIP1 in independent transgenic lines. Figure S5 . PtabZIP1L transcript abundance in response to auxin and osmotic treatment and lateral root initiation in different root zones. Figure S6 . Metabolic changes in PtabZIP1Ltransgenics and the original mutant line. Figure S7 . Expression of poplar orthologs of Proline Dehydrogenase and genes involved in flavonoid biosynthesis. Figure S8 . Transcript abundance of poplar orthologs of Proline Dehydrogenase and genes involved in flavonoid biosynthesis. Table S1 . Pearson correlation coefficient for the nine metabolites analyzed using Pavlidis Template Matching (PTM). Table S2 . Primers used for the qRT-PCR gene expression analyses. Data S1. Identity and similarity matrix between protein sequences of Arabidopsis thaliana and Populus trichocarpa bZIP members. Data S2. Log value of the fold changes of metabolites in roots of 201p21 mutant, oe-PtabZIP1L and i-PtabZIP1L transgenics plants compared to the WT-717 roots. Data S3. Target DNA-binding domain of bZIP1 proteins in the putative 1 kb promoter regions of poplar Proline Dehydrogenase genes and genes involved in flavonoid biosynthesis. Data S4. Pathway analysis performed using MetaboAnalyst for the various metabolites in the overexpressed and suppressed Ptab-ZIP1L transgenics. Data S5. Metabolites used for Metabolome pathway enrichment analysis and their respective HMDB (Human Metabolome Database) and KEGG (Kyoto Encyclopedia of Genes and Genomes) IDs.
